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The determination of neuronal identity in Drosophila cells depends on the accurate expression of proneural genes. The proneural gene atonal
(ato) encodes a basic-HLH protein required for photoreceptor and chordotonal organ formation. The initial expression of ato in imaginal discs is
regulated by sequences that lie 3′ to its open reading frame. In this report, we show that the initial ato transcription in different imaginal discs is
regulated by distinct 3′ cis-regulatory sequences. The eye-specific ato 3′ cis-regulatory sequence consists of two distinct elements we term 2.8PB
and 3.6BP that regulate ato transcription during different stages of eye development. The 2.8PB enhancer contains a highly conserved consensus
binding site for the retinal determination (RD) factor Sine oculis (So). Mutation of this So binding site abolishes 2.8PB enhancer activity.
Furthermore the RD factors So and Eyes absent (Eya) are required for 2.8PB enhancer activity and can induce ectopic 2.8PB reporter expression.
In contrast, ectopic Dpp signaling is not sufficient to induce ato 3′ enhancer activation but can induce increased levels of RD factor Dachshund
(Dac) and synergize with So and Eya to increase ato 3′ enhancer activity. These results demonstrate a direct mechanism by which the RD factors
regulate ato expression and suggest an important role of Dpp in the activation of ato 3′ enhancer is to regulate the levels of RD factors.
© 2007 Elsevier Inc. All rights reserved.Keywords: Drosophila; Eye development; atonal; Retinal determination factors; eya; soIntroduction
The developing compound eye of Drosophila melanogaster
provides a unique experimental system to elucidate the roles of
transcriptional regulators and signaling pathways that determine
the retina. Photoreceptor differentiation begins at the posterior
margin of the third instar larval eye disc and progresses
anteriorly in a wave-like manner. The front of the differentiation
wave is marked by an indentation in the eye disc known as the
morphogenetic furrow (MF) (reviewed in Wolff and Ready,
1993). Anterior to the MF, cells are undifferentiated but they
express a group of genes that determine the competence of cells
to become the retinal tissue (reviews in Pappu and Mardon,
2002; Silver and Rebay, 2005). These genes are called the
retinal determination (RD) genes, which include eyeless (ey),
twin of eyeless (toy), eya, so and dac. Each RD gene encodes⁎ Corresponding author. Fax: +1 772 702 4476.
E-mail address: wei@uchicago.edu (W. Du).
0012-1606/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2007.11.017a conserved nuclear protein that is required for normal retinal
development. ey and toy are Drosophila Pax-6 orthologs and
one of the most striking features of PAX6 family members is
their ability to induce ectopic eye formation when expressed in
non-eye tissues (Czerny et al., 1999; Halder et al., 1995). The
other three RD genes eya, so and dac function downstream of
ey and toy, although this transcriptional hierarchy is not
absolute since the expression of downstream genes can induce
the expression of the upstream gene ey (Bonini et al., 1997;
Pignoni et al., 1997; Shen and Mardon, 1997). This potentially
explains the observation that ectopic expression of downstream
RD genes can also induce ectopic eye tissue (Bonini et al.,
1997; Shen and Mardon, 1997; Weasner et al., 2007). The
patterning genes dpp and hh interact at multiple levels with the
core RD genes. Indeed, ectopic eye development is generally
restricted to the vicinity of the endogenous dpp expression
domain (Chen et al., 1999; Halder et al., 1998) and both Dpp
and Hh signaling can also regulate the levels of RD factors such
as Dac and Eya (Curtiss and Mlodzik, 2000; Pappu et al., 2003).
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tions among the RD factors and their context-specific modula-
tion by exogenous signaling pathways.
The Drosophila compound eye is composed of about 800
units referred to as ommatidia. Each ommatidium contains eight
photoreceptors (R1–R8) that are specialized in photo sensing.
Photoreceptors are one of the four major types of sensory
organs, the others being external sensory (es) organs,
chordotonal (ch) organs, and multiple dendritic (md) neurons
(Jan and Jan, 1993). Even though the sensory organs vary in
shape and form, the formation of sensory organs generally
shares a common progressive determination process. Initially,
cells in the ectoderm acquire developmental potential due to the
actions of so-called “prepatterning genes” that specify position.
These cells will acquire the potential to become neuronal
precursors by the action of the “proneural genes.” This is
followed by the activities of the neurogenic genes to determine
the cells that will become the neuronal precursors. The
proneural genes achaete–scute complex (AS-C) and ato play
important roles during sensory organ formation (Bertrand et al.,
2002). The AS-C is required specifically for es organs
formation, while ato function is required for both ch organs
and photoreceptors (Jarman et al., 1995). Some prepatterning
genes have been found to regulate the expression of AS-C
members achaete (ac) and scute (sc) in regions where specific
es organs will form (Cubadda et al., 1997; Gomez-Skarmeta et
al., 1996; Ramain et al., 1993; Skeath et al., 1992). However,
not much is known about how ato expression is regulated
during sensory organ formation.
During photoreceptor development, ato is first expressed in
a uniform dorsal–ventral band in the leading edge of the MF
and then its expression is gradually restricted to single R8 cells,
which are the founder cells required for the recruitment of other
types of photoreceptors (Jarman et al., 1993; Jarman et al.,
1994). The initial expression of ato in the MF is controlled by
cis-regulatory sequences that lie 3′ to the ato coding sequence
(Sun et al., 1998). Anterior to the sharp band of endogenous
Ato, the RD genes eya, so, dac and ey are expressed (Bessa et
al., 2002; Bonini et al., 1993; Cheyette et al., 1994; Halder et al.,
1998; Mardon et al., 1994). Flies carrying loss-of-function
mutations of ato have defective eyes lacking all photoreceptors
(Jarman et al., 1994; Jarman et al., 1995). In addition, eye-
specific viable mutations of so or eya abolish ato expression
(Jarman et al., 1995) and cause the loss of expression of
neuronal markers (Bonini et al., 1993; Cheyette et al., 1994;
Pignoni et al., 1997). Therefore it is possible that the RD factors
regulate ato expression during photoreceptor development.
An alternative model for the regulation of ato was proposed
recently (Niwa et al., 2004). This model suggested that the
integrated action of exogenous signaling from the Decapenta-
plegic (Dpp), Wingless (Wg), and pulses of Ecdysone gave
spatial and temporal arrangement of an Ato-dependent common
sensory organ program. The RD factor Ey would generate a
photoreceptor-specific program in parallel or downstream of
these signaling pathways, rather than acting as an upstream
master control gene for eye development (Niwa et al., 2004). A
key prediction of this model is that initial ato expression indifferent imaginal discs would be regulated by a single ato 3′
enhancer which reflects the regulation of ato in an ancestral
protosensory organ.
To elucidate the relationship between retinal cell determina-
tion processes and Ato-dependent photoreceptor differentiation,
we investigated the ato 3′ cis-regulatory region during imaginal
disc development since this region regulates initial ato
expression in proneural clusters (Sun et al., 1998). We found
that distinct fragments of the ato 3′ cis-regulatory region direct
ato expression in different tissues. These data indicate that the
ato 3′ cis-regulatory region consists of tissue-specific modular
enhancers. The eye-specific cis-regulatory region consists of
two distinct enhancer elements, 3.6BP and 2.8PB, which confer
ato expression during MF initiation and progression, respec-
tively. We demonstrate that the 2.8PB enhancer is regulated by
the RD factors So and Eya through a conserved So binding site.
In contrast removal of Mad and smo, the downstream
components of Dpp and Hh signaling pathways, do not abolish
the 2.8PB enhancer activity. Expression of Dpp cannot induce
ectopic ato 3′ enhancer activity but can increase both the level
of Dac and the ability of So and Eya to induce ato 3′ enhancer
activity. These results indicate a primary role of the RD factors
in the induction of ato and suggest that an important role of Dpp
in activating the ato 3′ enhancer is to regulate the levels of the
RD factors.
Results
Modular regulatory elements define ato expression in distinct
imaginal discs
Sequences that control initial ato expression in developing
imaginal discs were shown to lie 3′ to the open reading
frame (Sun et al., 1998). As a first step to elucidate the
developmental mechanisms that control initial ato expression,
we analyzed sequence conservation in the ato 3′ cis-regulatory
region. The sequence conservation among Drosophila species
can help the identification of functional non-coding DNA
elements, which is more likely to remain unchanged under the
functional constraint of transcriptional regulation (Richards et
al., 2005). We used the VISTA tool for DNA sequence
analysis (see Materials and methods and Supplemental Fig. 1)
and found that the conserved sequences were highly enriched
within a 6.0 kb region downstream to the ato coding
sequences (Jarman et al., 1993; Sun et al., 1998). We isolated
a 6.4 kb fragment that covers the conserved 6.0 kb region for
further analysis (Fig. 1A). This fragment was cloned into the
pH-Stinger vector, which contains an enhanced green
fluorescent protein (eGFP) gene as a reporter and gypsy
insulator sequences to block flanking enhancer and silencer
activities (Barolo et al., 2000). The resulting construct was
introduced into flies via P-element-mediated transformation
and enhancer activity was assayed by reporter GFP expression.
As shown in Figs. 1F, F′ and F″, the 6.4 kb fragment fused to
GFP (6.4BB) conferred GFP reporter expression in distinct
subsets of cells in the third instar eye, antennal and leg discs.
In the eye disc, GFP expression was observed from the
Fig. 1. The ato 3′ cis-regulatory region consists of tissue-specific modular enhancers. (A) ato 3′ enhancer constructs. The ato 3′ genomic map is shown with the ato
coding region (black box) and 5′ and 3′UTR (open boxes). The transcription orientation is indicated by an arrow. The cis-regulatory constructs are shown as gray
boxes and reporter GFP as dark gray boxes. Restriction enzyme sites used for deletion constructs are indicated with broken lines. Each construct is named by fragment
length and the restriction enzymes used for subcloning (for example, 1.7BS is the 1.7 kb BamHI–StuI fragment). The right panel shows a summary of the GFP
expression pattern and the number of established transgenic lines. +1, Expression was limited to the posterior half of the eye disc. +2, Expression was observed in and
behind the MF. GFP reporter expression patterns in the ch organ in leg discs (B–H), in the JO organ in antennal discs (B′–H′) and in the eye discs (B″–H″). GFP
expression in leg discs were observed in the fragments containing the 1.7BS (B–F, white brackets), but not in the distal deletion constructs (G, H). GFP expression in
the JO organ of the antennal disc was observed in 2.8BB (C′, white arrows) but not in 1.7BS (B′). The fragments containing StuI–BglII lead GFP expression in the JO
(D′–F′, white arrows). Note the expression of 2.8BB was stronger than other constructs and more cells were GFP-positive. The 3.6BP expresses GFP only in the
posterior of the eye disc (D″), while the 1.7BS and 2.8BB did not express GFP in the eye discs (B″, C″). Expression in the MF and ocellar precursors (white
arrowheads) was observed in 4.8BE, 6.4BB, and 2.8PB (E″, F″ and H″) but not in the 1.5EB (G″). The MF is marked with white bars. Dorsal is up in all panels.
Anterior is to the left for eye discs and to the right for antennal discs.
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expression persists to posterior of the eye disc (Fig. 1F″). The
observed GFP expression in the posterior is due to the
perdurance of GFP protein, as in situ hybridization revealed
GFP mRNA was restricted to the anterior edge of the MF
(Figs. 2A′,A″). The 6.4BB enhancer also confers GFPexpression in the ocellar precursors of the dorsal region of
the eye disc (Fig. 1F″, white arrowheads), in the Johnston's
organ (JO, a chordotonal organ) in the second antennal region
(Fig. 1F′, white arrows), and in the femoral chordotonal (ch)
organ of the leg disc (Fig. 1F, white bracket). Identical
expression patterns were previously reported when 5.8 kb of
Fig. 2. GFP message and protein expression from different ato 3′ enhancers during eye development. GFP mRNA detected by in situ hybridization (A–A″, B–B″,
C–C′) and GFP fluorescence (D–D′, E–E′, F–F′) are shown. The eye discs were counter-stained with DAPI (blue in D–D′, E–E′, F–F′). GFP mRNA and protein
from the full-length 6.4BB enhancer were detected at the tip of the mid–late second instar larval eye discs (A, black arrow; D, white arrow). In early third instar
larval eye discs, 6.4BB expression was observed in posterior margin cells (D′, white arrow) and in cells at the anterior edge of the indentation of the MF (A′, black
arrow; indentation of the MF marked with black arrowhead). Expression at the anterior edge of the MF was observed in mid–late third instar larval eye discs (A″,
black arrow). GFP reporter expression in 3.6BP eye discs was observed at the terminal tip of mid–late second instar (B, black arrow; E, white arrow) while no
expression was observed in the 2.8PB eye discs (F). Both constructs are expressed in the posterior margin cells of early third instar eye discs (E′ and F′, white
arrows). Expression from both constructs was detected at the anterior edge of indentation of the MF (black arrowhead) of early third instar eye discs (B′ and C,
black arrows). In the mid–late third instar eye disc, 2.8PB expression was observed at the anterior edge of the MF (C′, black arrow) but no expression was
observed in the 3.6BP eye disc (B″). The black arrowheads indicate indentation of the MF. OL, optic lobe. Anterior is to the left for eye discs.
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reporter (Sun et al., 1998). We did not identify additional
expression of the 6.4BB enhancer in third instar larval
imaginal discs.
To delineate sequences that regulate initial ato expression in
developing imaginal discs, we generated transgenic flies that
contain deletion fragments of the 6.4 kb enhancer (Fig. 1A). A
1.7 kb BamHI–StuI fragment of the ato 3′ cis-regulatory region
(1.7BS) was sufficient to drive GFP expression in the ch organ
in the leg disc (Fig. 1B) but not in the antennal or eye disc (Figs.
1B′, B″). GFP expression in the leg ch organ was also observed
in all deletion constructs that contain the 1.7BS region (Figs.
1C–F). Furthermore expression in the ch organ was not
observed when the 1.7BS region was deleted (Figs. 1G, H).
These observations indicate that the 1.7BS sequence contains anenhancer element that confers initial ato expression in the leg ch
organs.
Reporter GFP expression in the JO was observed when the
2.8 kb BamHI–BglII (2.8BB) fragment was used (Fig. 1C′).
Expression in the JO was also observed in fragments that
contained the 2.8BB region (Figs. 1D′, E′, F′). In contrast,
neither the 2.8 kb PstI–BamHI fragment (2.8PB) nor the 1.5 kb
EcoRI–BamHI (1.5EB) was able to drive expression in the JO
(Figs. 1G′, H′). Interestingly, 2.8BB was capable of driving
GFP expression in more cells in the JO than the longer
fragments that contained the 2.8BB sequence (Figs. 1C′, D′ E′
and F′). These observations suggest that sequences that confer
initial ato expression in the JO are located within the 2.8BB and
negative regulatory elements may exist outside the 2.8BB
fragment.
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developing eye discs. For expression in the ocellar precursors,
4.8BE, 6.4BB and 2.8PB were capable of driving GFP
expression (Figs. 1E″, F″, H″) while other deletions such as
3.6BP and 1.5EB were not able to confer GFP expression in the
ocellar precursors (Figs. 1D″,G″). These observations indicate
that sequences between PstI and EcoRI are required to drive
GFP expression in the ocellar precursors. For expression in the
MF of developing eye discs, the 1.7BS, 2.8BB and 1.5EB
constructs were not capable of driving GFP expression (Figs.
1B″, C″,G″). In contrast the 3.6BP, 4.8BE, and 2.8PB
constructs can all drive GFP reporter expression in the eye
disc (Fig. 1D″, E″, H″), although the exact pattern is different as
described in detail below. These observations suggest that the
important sequences that regulate initial ato expression in the
MF are located between BglII and EcoRI.
Taken together, our deletion analysis revealed that the ato 3′
cis-regulatory region contains multiple distinct enhancer
modules, and initial ato expression in different imaginal discs
is controlled by different enhancers. Consistent with these
results, a recent report showed that the ato 3′ cis-regulatory
region consists of tissue-specific enhancers (Zhang et al., 2006).
These observations are in contradiction to the proposed model
that a single enhancer regulates initial ato expression in all
imaginal discs (Niwa et al., 2004).
3.6BP and 2.8PB control distinct stages of ato expression in
the developing eye disc
In the third instar eye disc, endogenous Ato is first
expressed in a stripe of cells located in the MF (initial stripe),
and then Ato expression is gradually restricted to groups of
cells that are called R8 equivalence groups and eventually to
the early R8 photoreceptor just behind the MF. Previous
studies and our 6.4BB-GFP showed that the ato 3′ enhancer
directs ato expression in the initial stripe in the MF (Sun et
al., 1998; Zhang et al., 2006). Therefore our observation that
3.6BB-GFP fluorescence was only observed in the posterior
half of third instar eye discs (Fig. 1D″) raises the question
about the developmental stages at which 3.6BP is able to
regulate reporter expression. To address this, we performed in
situ hybridization of reporter GFP during eye disc develop-
ment. We found that 3.6BP mRNA was detected at the
terminal tip of mid–late second instar eye discs (Fig. 2B) and
at the anterior edge of the MF in early third instar eye discs
(Fig. 2B′). No expression was observed in mid–late third
instar eye discs (Fig. 2B″). Consistent with this, the 3.6BP-
GFP fluorescence was also first observed in the terminal tip
of mid–late second instar eye discs (Fig. 2E) and in the
posterior margin of early third instar eye discs (Fig. 2E′).
These 3.6BP-GFP expression patterns are similar to the
6.4BB-GFP during second to early third instar (compare Fig.
2D with Fig. 2E). Thus the 3.6BP construct contains
sequences that control ato expression during MF initiation
and early MF progression. However, this fragment does not
contain sequences that control ato expression during the
mid–late third instar.In contrast to 3.6BP, GFP reporter expression from the
2.8PB enhancer was not observed in mid–late second larval
instar eye discs, when both the 6.4BB and 3.6BP were able to
drive GFP at the terminal tip of eye discs (Figs. 2D and E). The
onset of 2.8PB reporter expression was first observed at early
third larval instar and its expression was mainly in the posterior
margin of the eye discs (Fig. 2F′). 2.8PB-GFP expression was
continuously observed during third instar stages as shown in
the Fig. 1H″. In support of this, in situ hybridization revealed
that the 2.8PB can confer reporter expression during MF
progression in third instar eye discs (Figs. 2C, C′). Taken
together, these observations suggest that even though there is
some overlap in the ability to drive initial ato expression in
early third instar eye discs, the 3.6BP and 2.8PB fragments
exert distinct controls regulating the onset of ato expression
during eye development.
The 2.8PB fragment induces precocious reporter expression in
the pre-proneural (PPN) domain
The RD network factors Ey, Eya, So and Dac are
coexpressed in the so-called PPN domain, which spans 7–9
cell width immediately anterior to the MF (Bessa et al.,
2002; Greenwood and Struhl, 1999; Halder et al., 1998;
Silver and Rebay, 2005). Cells in the PPN domain are
primed to start differentiation but they have not initiated Ato
expression. Careful examination of 2.8PB-GFP expression in
third instar eye discs revealed the precocious onset of
reporter expression in the PPN domain. This can best be
visualized by marking the PPN domain with the RD factors
Eya and Dac and comparing the expression of 2.8PB- and
6.4BB-GFP anterior to the MF (Bessa et al., 2002;
Greenwood and Struhl, 1999; Silver and Rebay, 2005). As
shown in Figs. 3A–A″ and C–C″, the 6.4BB fragment drove
GFP reporter expression starting from the MF, while
expression of Dac and Eya initiates from the more anterior
PPN domain (Figs. 3A–A″, C–C″). In contrast, GFP reporter
expression from the 2.8PB fragment was initiated in the PPN
domain as marked by Dac and Eya staining (Figs. 3B–B″
and D–D″). No reporter expression anterior to the PPN was
detected. GFP expression from eye discs isolated from
multiple transgenic fly lines (five lines for the 6.4BB and
four lines for the 2.8PB) were examined and the precocious
expression in the PPN was consistently observed in all
2.8PB lines. We conclude from these experiments that the
2.8PB and 6.4BB enhancers direct reporter expression within
the domain expressing the RD factors Eya and Dac and that
the 2.8PB fragment confers precocious reporter expression in
the PPN domain.
The RD network genes are recognized by their striking
ability to induce ectopic photoreceptor differentiation. Ectopic
eye formation is expected to be associated with ectopic
expression of the proneural gene ato, which is required for the
R8 cell specification and additional photoreceptor cell
recruitment. The expression pattern of 2.8PB relative to Eya
and Dac led us to test the possible regulatory link between
them.
Fig. 3. Premature onset of reporter expression from 2.8PB and EMSA for conserved So binding sites. (A–D) Dac and Eya were detected in the PPN domain, the
MF, and behind the MF in third instar eye discs. 6.4BB colocalized with Dac and Eya first in the MF (A–A″, C–C″), while 2.8PB first colocalized in the PPN
domain (B–B″, D–D″). The white arrowheads indicate indentation of the MF. Anterior is to the left for eye discs. (E–G) EMSA for So binding. (E) Two putative
So binding sites (So1 and So2) in 2.8PB. The sequences of oligonucleotide probes for EMSA are shown. (F) Binding assay. So protein bound to the WT probe
(lanes 2–3) and the So2MUT probe (lanes 8–9) but not the So1MUT or So1+So2MUT probes (lanes 5–6, lanes 11–12). (G) Competition assay. A 100× molar
excess of cold WT oligo (lane 2) or So2MUT oligo (lane 4) competed binding of So protein from the labeled WT probe. A 100× molar excess of cold So1MUT
oligo (lane 3) or So1+So2MUT (lane 5) failed to compete So protein from the labeled WT probe.
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Many lines of evidence suggest that the RD factors So, Eya
and Dac form complexes and these nuclear factors bind to target
DNA sequence through So, a homeobox-containing protein. To
examine whether RD factors are involved in regulating the ato
3′ enhancer, we first scanned the entire 2.8PB fragment for
known DNA binding motifs of the RD network genes. As
critical regulatory regions are more likely conserved due to
functional constraints during evolution, we focused our efforts
on sites that are located in conserved sequence stretches. We
identified a 69 bp conserved stretch, which contains two
putative So binding sites and a 45 bp conserved stretch that
contains a putative ARE/MEF3 motif (Supplemental Fig. 1B).
Although previous studies showed that the ARE/MEF3 motif
was sufficient for specific DNA binding of Six1, Six2, Six4 and
Six5, the vertebrate So orthologs (Kawakami et al., 1996; Spitz
et al., 1998), a recent study showed that the ARE/MEF3 motif
was only partially related to the consensus sequence of Dro-
sophila So (Pauli et al., 2005). Interestingly, two closely spaced
putative So-core motifs [consensus sequence: YGATAY
(Hazbun et al., 1997)] were identified in eye enhancers that
are regulated by So (Pappu et al., 2005; Yan et al., 2003), and
both So-core motifs act in a cooperative manner to direct dac 3′
eye enhancer (3EE) expression (Pappu et al., 2005). To
determine if the observed So binding sites are indeed thefunctional sites for So protein, we performed electrophoretic
mobility shift assay (EMSA). We designed oligonucleotide
probes that contain wild-type So1 and So2 binding sites (WT),
mutated So1 binding site (So1MUT), mutated So2 binding site
(So2MUT), and double mutant (So1+So2MUT) (Fig. 3E, see
Materials and methods for the sequences). We found that So
protein can bind to the WToligonucleotide probe (Fig. 3F, lanes
2–3). In contrast, So protein was not able to bind to the
So1MUT or So1+So2MUT probes (Fig. 3F, lanes 5–6 and 11–
12). So protein could still bind to the So2MUT probe (Fig. 3F,
lanes 8–9). Moreover, both the WT and the So2MUT-cold
competitor were able to compete for the binding to the WT-hot
probe (Fig. 3G, lanes 2 and 4) while So1MUT and So1+
So2MUT failed to compete in competition assays (Fig. 3G,
lanes 3 and 5). These data indicate that So protein can bind
specifically to the So1 site in vitro.
Mutation of the So1 binding site in 2.8PB abolishes its eye
enhancer activity
To determine if the putative So binding sites and the ARE/
MEF3 motif are required for the ato 3′ enhancer activity in
vivo, we introduced binding site mutations of So1, So2 or MEF3
to the 2.8PB fragment and generated transgenic fly lines (Fig.
4A, see Materials and methods for sequences). The pattern of
reporter GFP expression was examined in third instar eye discs.
Fig. 4. So1 binding site is essential for 2.8PB-GFP expression. (A) A diagram that shows the putative So1, So2 (open circles) and MEF3 (filled circle) binding sites on
the ato genomic map. Each binding site mutation is marked with an “X” in constructs shown below. (B–E) GFP reporter expression of mutant constructs in eye discs.
The So1 binding site mutation abolished GFP reporter expression (C). Mutation of the putative So2 (D) or MEF3 (E) binding site did not affect GFP reporter
expression compared to the wild-type (B). White arrowheads indicate indentation of the MF. Anterior is to the left and dorsal is up in eye discs.
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reporter expression in the eye disc (Fig. 4C, 2.8PB-So1MUT).
In contrast, mutation of So2 binding site did not affect GFP
expression (Fig. 4D, 2.8PB-So2MUT). It is worth pointing out
that 2.8PB-So2MUT also showed the same GFP expression in
the PPN domain as the wild-type 2.8PB-GFP (Figs. 4B and D).
Similarly, mutation of the putative MEF3 binding site did not
affect GFP reporter expression from the 2.8PB enhancer (Fig.
4E, 2.8PB-MEF3MUT). Since the vertebrate MEF3 binding
site is only partially related to the fly So consensus binding
sequence, it is likely that this site cannot bind to the fly So
protein. Taken together, these data demonstrate that the
conserved So1 binding site, which is essential for the binding
of So protein in vitro, is required for the ato 3′ enhancer activity
in vivo in the third instar eye disc.
Ectopic activation of the ato 3′ eye enhancer by ectopic
expression of so and eya
Many studies have shown that the RD factors induce ectopic
eye development when these genes are expressed in non-eye
tissues (reviewed in Pappu and Mardon, 2002). We tested
whether any of these RD factors could activate the expression of
the ato 3′ enhancer in the developing wing disc. We used the
30A-GAL4 driver, which drives UAS-transgene expression in
a ring around the wing pouch, a region which will become the
adult wing hinge (Fig. 5L) (Brand and Perrimon, 1993). Prior to
performing the ectopic expression, we examined the basic
expression pattern of the reporter GFP constructs, becauseendogenous Ato is normally observed in a subset of proneural
cell clusters in the late third instar wing disc, and this expression
overlaps with the 30A-GAL4 domain (Jarman et al., 1993). We
isolated wing discs from wandering third instar larva and
confirmed none of our ato 3′ enhancer constructs has GFP
expression in wing discs (Figs. 5I–K). When So and Eya were
co-expressed, ectopic activation of the 6.4BB and 2.8PB
reporters was observed in groups of cells in 30AN so+eya
wing discs (Figs. 5A and C, white arrows and arrowheads). In
contrast, neither the 6.4BB nor the 2.8PB reporters were
induced when so was expressed alone (data not shown). The
observed ectopic activation of the 2.8PB enhancer requires the
conserved So1 binding site since 30AN so+eya expression
failed to activate the 2.8PB-So1MUT enhancer (Fig. 5D).
Similarly, so+eya was not able to activate the 3.6BP enhancer
either (Fig. 5B). These observations provide additional support
for the idea that the RD factors So and Eya activate the 2.8PB
enhancer through the conserved So1 binding site.
We next investigated whether the ato 3′ enhancer constructs
respond to ectopic expression of Ey. Interestingly, ectopic
reporter expression was observed from the 6.4BB, 2.8PB, as
well as the 3.6BP enhancers in response to ey expression (Figs.
5E–G, white arrows). These observations suggest that Ey-
induced ectopic reporter activation from the 6.4BB enhancer
reflects the responses of both 2.8PB and 3.6BP enhancers. A
recent report showed that Ey/Pax6 activates the ato 3′ enhancer
synergistically with Eya/So by binding to an Ey/Pax6 binding
site adjacent to the So1 binding site within the 2.8PB enhancer
(Zhang et al., 2006). Consistent with this, mutation of the
Fig. 5. Activation of the ato 3′ enhancer by ectopic expression of RD factors in wing discs. (A–D) Co-expression of so and eya under the 30A-GAL4 driver.
6.4BB (A) and 2.8PB (C) showed ectopic GFP expression in groups of cells the wing discs (GFP in green, white arrows) and a few cells are GFP-positive in
posterior (white arrowheads). 3.6BP (B) and 2.8PB-So1MUT (D) did not show ectopic GFP expression under these conditions. The posterior compartment of the
wing disc was revealed by anti-En (purple). (E–H) Ectopic expression of ey under the 30A-GAL4 driver. 6.4BB (E), 3.6BP (F), and 2.8PB (G) exhibited ectopic
GFP expression in groups of cells (GFP in green, white arrows). No GFP expression was observed in 2.8PB-So1MUT (H). (H) Wing discs were counter-stained
with anti-En (purple). (I–K) Control wing discs without RD gene expression. These discs were counter-stained with anti-Dac antibody (purple). No endogenous
GFP expression was observed. (L) 30A-GAL4 drives UAS-gene expression in a ring around the wing pouch (green). This expression pattern was revealed by GFP
(green) and the discs were counter-stained with DAPI (purple). Anterior is to the left.
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activation in response to ectopic ey expression (Fig. 5H). On
the other hand, ey but not so+eya was able to induce 3.6BP
enhancer activation (Figs. 5B and F). Interestingly, a conserved
putative Ey binding site observed in the 3.6BP enhancer was not
adjacent to a So binding site (unpublished observation). These
observations suggest that Ey can regulate the ato 3′ eye
enhancer in multiple ways.
Dpp synergizes with So and Eya to activate the ato 3′ enhancer
through a So1 binding site-dependent mechanism
Ectopic activation of the ato 3′ enhancer by RD factors So
and Eya was mainly observed in cells near the anterior–
posterior (A/P) compartment boundary (Fig. 5). This observa-
tion suggests that factors in addition to So and Eya are involvedin the regulation of the ato 3′ enhancer. It is possible that
ectopic reporter gene activation is limited to these cells due to a
requirement for endogenous Dpp signaling, as previous studies
showed that Dpp can synergize with So and Eya to induce gene
activation (Chen et al., 1999; Pappu et al., 2005). We thus tested
the effect of co-expression of dpp, so and eya on the ato 3′
enhancer activity. As shown in Fig. 6, co-expression of dpp, so
and eya (30ANdpp+ so+ eya) induced expanded reporter
expression from the 6.4BB and 2.8PB enhancers (Figs.
6A–A′ and C–C′, white arrowheads, more GFP-positive cells
in posterior 30A-GAL4 domain as compared to Figs. 5A and C).
In contrast, 30ANdpp+ so+eya was not able to activate the
3.6BP enhancer (Figs. 6B–B′), similar to the result from
30AN so+eya (Fig. 5B). Therefore, the additional reporter
expression observed in 30ANdpp+ so+ eya wing discs is
mediated by the 2.8PB enhancer. To examine whether the So1
Fig. 6. The effect of Dpp and Dac on ato 3′ enhancer expression induced by ectopic Eya and So in wing discs. (A–E) Co-expression of dpp, so and eya using the
30A-GAL4 driver. 6.4BB (A–A′) and 2.8PB (C–C′) induced expanded GFP expression in a subset of cells in the posterior of wing discs (A′ and C′; white
arrowheads) in addition to the groups of cells induced by So and Eya (A′ and C′; white arrows). Ectopic GFP expression was not observed in 3.6BP (B–B′) and
2.8PB-So1MUT (D–D′) wing discs. (E–E′) Targeted dpp expression alone was not capable of inducing reporter expression. (F–I) Co-expression of dac, so and
eya with 30A-GAL4 driver. GFP reporter from 6.4BB (F–F′) and 2.8PB (H–H′) was induced in wing discs. Expanded GFP expression was observed in groups of
cells in the anterior (F′ and H′; white arrows) as well as in subset of cells in the posterior of wing discs (F′ and H′; white arrowheads). (A′–I′) GFP channel is
shown in gray scale. (J) Co-expression of so and eya induced endogenous Dac expression (in purple) in limited regions, which is in contrast to Dac induced by co-
expression of dpp, so and eya (purple in panels A and D). (K) Expression of Dac was not sufficient to induce ato 3′ enhancer expression (6.4BB-GFP). The
expression pattern of Dac (in purple) was detected by antibody staining.
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30ANdpp+ so+eya wing discs, we monitored So1MUT-2.8PB
reporter expression in this genotype. As shown in Figs. 6D and
D′, mutation of the So1 binding site blocked all ectopic GFP
reporter expression in the 30ANdpp+ so+eya wing discs (Figs.
6D–D′). In addition, wing discs expressing 30ANdpp or
30ANMad alone did not induce ectopic GFP expression on
any of our reporter constructs (Figs. 6E–E′, and data not
shown). These results indicate that Dpp signaling can synergize
with RD factors So and Eya to activate the ato 3′ enhancer.
Endogenous Dac and the dac 3′ eye enhancer (3EE) are
dramatically activated upon combined expression of dpp, soand eya (Chen et al., 1999; Pappu et al., 2005). Indeed, Dac
protein was ectopically induced in 30AN so+eya wing discs
(compare ectopic Dac expression in Fig. 6J to endogenous Dac
expression in Figs. 5I–K), and further increased when Dpp was
co-expressed (compare Figs. 6A, D with J). The increased GFP
reporter expression from the 6.4BB and 2.8PB enhancers in
response to Dpp co-expression was located in regions with
increased Dac expression (Figs. 6A–A′, indicated by arrow-
heads and data not shown). Since Dac can synergize with Eya to
increase both the size and frequency of ectopic eyes when
expressed together (Chen et al., 1997), we tested the effect of
ectopic Dac expression on ato 3′ enhancer activity using the
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that expresses moderate levels of Dac protein (Chen et al., 1997)
which can be detected by anti-Dac staining in the wing disc
(Fig. 6K). None of our ato 3′ reporter constructs can be
activated by expression of 30ANdac7c4 alone (Fig. 6K and data
not shown). When dac was co-expressed with so and eya
(30ANdac7c4+ so+eya), GFP reporter expression from both
6.4BB and 2.8PB enhancers was significantly expanded in the
anterior domain as well as a subset of cells in the posterior
domain (Figs. 6F–F′ and H–H′, white arrows and arrowheads).
Therefore co-expression of dac can also synergize with so and
eya to induce ato 3′ enhancer activity. Similar to the co-
expression of dpp+ so+eya, co-expression of dac7c4+ so+eya
failed to activate the So1MUT-2.8PB enhancer (Figs. 6I–I′),
indicating that the So1 binding site is also required. In addition,
no GFP reporter expression was observed in the 3.6BP enhancer
by co-expression of dac7c4+ so+eya (Figs. 6G, G′). Taken
together, these data indicate that induction of Dac potentiallyFig. 7. Eya and So are required for ato 3′ enhancer activity in third instar eye discs.
that span the MF (arrows), but was present in the surrounding wild-type cells (labe
absent in so3 mutant clones (arrows). (C–C″ and D–D″) eyaclift1 mutant clones in th
the mutant clones (arrows), but was present in the surrounding wild-type cells (an
posterior mutant clones (white arrows, clone lacks anti-Myc labeling in purple) as w
is marked with white arrowheads.contributes to the ability of dpp to synergize with so and eya in
the activation of the ato 3′ enhancer. However, given the
differences in the subset of cells induced to express the ato 3′
GFP reporter by dpp+ so+eya or dac7c4+ so+eya, it is possible
that Dpp signaling has additional mechanisms that contribute to
its synergistic induction of the ato 3′ enhancer with So and Eya.
So and Eya are required for ato expression during MF
progression
To further investigate the requirement of So and Eya for the
initiation of ato expression during the MF progression, we used
the FLP–FRT technique to generate mosaic clones (Newsome
et al., 2000; Xu and Rubin, 1993). 6.4BB, 3.6BP and 2.8PB
GFP reporter activities were examined in mutant clones of
eyaclift1, a strong loss of function allele of eya, or the so3 null
allele. As shown in Fig. 7A, 6.4BB-GFP reporter expression
was not detected in internal eyaclift1 or so3 mutant clones (Figs.(A–A″) 6.4BB-GFP expression (in green) was absent in eyaclift1 mutant clones
led with anti-Myc staining, in purple). (B–B″) 2.8PB-GFP expression was also
e posterior eye discs. (C–C″) 2.8PB-GFP (in green) was specifically absent in
ti-Myc in purple). (D–D″) 3.6BP-GFP expression (in green) was observed in
ell as the surrounding wild-type cells. Anterior is to the left. The MF position
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of anti-Myc staining in purple) but was detected in the
surrounding wild-type cells. Similarly, GFP reporter expression
from the 2.8PB enhancer was not detected in so3 or eyaclift1
mutant clones (Figs. 7B–B″ and data not shown, white arrows).
In addition, mutant clones that span the MF also abolished
endogenous Ato expression and blocked initiation of photo-
receptor differentiation as revealed by anti-Ato and anti-Elav
staining (data not shown). We conclude from these data that so
and eya are required for activation of the ato 3′ enhancer during
the MF progression stages.
Our results in Fig. 5 showed that the 2.8PB but not the 3.6BP
enhancer can be induced by ectopic So and Eya expression.
3.6BP conferred GFP reporter expression during early eye
development and the GFP reporter can be detected in the
posterior part of the late third instar eye disc due to the stability
of the GFP protein (Fig. 1D″). If the 3.6BP enhancer is indeed
independent of So and Eya, GFP reporter expression from
3.6BP is not expected to be affected by the removal of So or
Eya. Indeed 3.6BP-GFP expression was not affected in eya or
so internal mutant clones located in the posterior eye discs
(Figs. 7D–D″ and data not shown). In contrast, GFP reporter
expression from 2.8PB was abolished in similarly located
mutant clones but not in the surrounding wild-type cells (Figs.
7C–C″, white arrows). We conclude from these data that 3.6BP-
GFP expression is So- and Eya-independent during the MF
progression stages. so and eya have been shown to be required
for MF initiation (Pignoni et al., 1997). so or eya mutant clones
located in the posterior margin (margin clones) blocked MF
initiation as well as reporter expression from both 3.6BP and
2.8PB (data not shown). Because other mutations that block MF
initiation also blocked expression from these ato 3′ enhancers
(data not shown), we interpret these data to mean that both the
3.6BP and the 2.8PB enhancers require normal MF initiation for
their enhancer activity.
Mad is a downstream nuclear effector of the Dpp signaling
pathway. A previous study suggest that Dpp signaling directly
regulates the ato 3′ enhancer through two Mad binding sites
(Niwa et al., 2004). Since the reported Mad binding sites were
outside the 2.8PB enhancer, it is unlikely that Mad protein
directly regulates the 2.8PB enhancer. Consistent with this
idea, GFP reporter expression from the 6.4BB and 2.8PB
enhancers was not affected in Mad1–2 mutant clones in the
MF (Supplemental Figs. 2B–B″ and data not shown). In
addition, endogenous Ato expression was not affected in
Mad1–2 mutant clones spanning the MF either (Supplemental
Figs. 2A–A″, mutant clones lacking anti-Myc staining in
purple).
Since Dpp and Hh play redundant roles during MF
progression (Curtiss and Mlodzik, 2000), we examined
2.8PB-GFP reporter expression in smo3Mad1–2 double mutant
clones to determine the effect of blocking both Dpp and Hh
signaling on ato 3′ enhancer activity. As shown in Supple-
mental Figs. 2D–D″, 2.8PB-GFP was still expressed in smo3
Mad1–2 double mutant clones spanning the MF, although GFP
reporter expression was delayed as compared to the surrounding
wild-type cells (Supplemental Figs. 2D–D″, wild-type cellsmarked with anti-Myc staining in purple). Similarly, low levels
of endogenous Ato protein can also be detected in smo3 Mad1–2
clones, although the high level of Ato protein accumulation
seen in the single R8 cells was not observed (Supplemental
Figs. 2C–C″). These results are indicative of a possible failure
of Ato autoregulation in smo3 Mad1–2 mutant clones. Reduced
levels of Eya were reported in smo clones (Pappu et al., 2003).
Consistent with this, anti-Eya and anti-Dac staining revealed
reduced Eya and Dac protein levels in smo3 Mad1–2 mutant
clones (Supplemental Figs. 2F–F″ and E–E″). It is possible that
decreased levels of Eya and Dac protein may limit the activation
of the 2.8PB as well as the accumulation of sufficient
endogenous Ato protein to allow autoregulation in smo3
Mad1–2 mutant clones.
In conclusion, these results showed that ato 3′ enhancer
activation was not significantly affected when Dpp signaling
was blocked but was delayed when both Dpp and Hh signaling
were removed. The delayed ato 3′ enhancer activation
coincided with significantly reduced levels of RD factors Eya
and Dac. These observations, in conjunction with the observed
synergistic activation of the 2.8PB enhancer by Dpp and Eya/So
and a lack of Mad or Ci binding sites in the 2.8PB enhancer,
suggest that an important role of Dpp (and Hh) signaling in the
activation of ato 3′ enhancer is to regulate the levels of multiple
RD factors.
Discussion
Regulation of the ato 3′ eye enhancer by RD factors and Dpp
signaling during MF progression
Studies carried out over the last decade have shown that RD
factors play a crucial role in retinal tissue determination by
regulating the transcription of other RD network genes.
Although the striking effect of RD factors is associated with
ectopic eye tissue induction, little is known about how RD
genes regulate the induction of photoreceptor development. Our
loss- and gain-of-function analyses of the ato 3′ eye enhancer
suggest that the proneural gene ato is one of the direct
downstream targets of the RD factors. We showed that ato 3′
eye enhancer expression is composed of two independent
enhancers: a So/Eya-dependent enhancer (2.8PB) that regulates
ato expression during MF progression and a So/Eya-indepen-
dent enhancer (3.6BP) that regulates ato expression during
furrow initiation and early MF progression. The 2.8PB enhancer
is regulated by the transcription factors So and its nuclear
binding partner Eya through the So1 binding site. Similar
observations were reported by Zhang and colleagues, who
showed that Ey also regulates the ato 3′ enhancer by binding to
an Ey binding site adjacent to the So site in the ato 3′ enhancer
(Zhang et al., 2006). Interestingly, we found that the Eya/So-
independent 3.6BP enhancer can also be regulated by Ey,
raising the possibility that Ey may regulate ato transcription at
different stages of eye development in association with different
nuclear co-factors. Indeed Ey can form in vivo complexes not
only with So and Eya, but also with Hth–Tsh (Bessa et al.,
2002; Zhang et al., 2006).
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involved in eye development although little is known about its
role in the activation of the ato 3′ enhancer. In this report, we
found that induction of the ato 3′ enhancer by ectopic expression
of So and Eya under the 30A-GAL4 driver was limited mainly to
specific regions near the A/P compartment boundary where
endogenous Dpp is expressed. In addition, co-expression of Dpp
with So and Eya led to expansion of ectopic ato 3′ reporter
expression, indicating that Dpp signaling can synergize with So
and Eya to activate the 2.8PB enhancer. As the 2.8PB enhancer
does not contain the twoMad binding sites identified by Niwa et
al. (2004), it is unlikely that Dpp signaling regulates 2.8PB
expression directly through binding of Mad protein to 2.8PB.
We hypothesize that some of the downstream targets of Dpp
signaling may mediate the ability of Dpp signaling to synergize
with So and Eya in the activation of the ato 3′ eye enhancer.
Interestingly, Dac, a RD factor regulated by Dpp signaling, can
also synergize with So and Eya in activating the ato 3′ eye
enhancer, raising the possibility that induction of Dac con-
tributes to the ability of dpp to synergize with so and eya in the
activation of ato 3′ enhancer. As shown in Fig. 6, the level of
Dac in the posterior of the wing disc was significantly lower than
that in the anterior in the absence of Dpp co-expression (Figs.
6F–K), while similar levels of Dac in the anterior and the
posterior were observed when Dpp is co-expressed (Figs. 6A
and D). Therefore the difference in the subset of cells
induced to activate the ato 3′ enhancer by dpp+ so+eya
and by dac7c4+ so+eya expression could be in part due to
differences in the level of Dac induced by Dpp expression
and that reached with the 30A-GAL4 driver. Alternatively, it
is possible that Dpp signaling has additional targets that
contribute to its synergistic induction of the ato 3′ enhancer
with So and Eya.
Modular regulatory elements define initial ato expression in
distinct imaginal discs
During Drosophila sensory organ formation, transcriptional
regulation of the proneural gene ato plays a key role to
determine the position of proneural clusters. Tissue-specific
expression of ato is governed by the flanking cis-regulatory
regions immediately upstream (5′) and downstream (3′) of the
ato transcription unit (Sun et al., 1998). ato 5′ transcription
largely depends on the Ato-dependent autoregulatory mechan-
ism, while the ato 3′ cis-regulatory region appears to encode
tissue- and temporal-specific information. Our analysis of the
ato 3′ cis-regulatory region revealed a modular organization of
tissue-specific enhancers, each of which determine the initial ato
expression in sensory organ precursors of a specific tissue type
for the formation of ch organs or photoreceptors. For example,
the 1.7 kb BamHI–StuI fragment immediately downstream of
the ato transcription unit controls ato expression specifically in
the leg discs while the 1.9 kb StuI–PstI fragment located 1.7 kb
downstream of the ato transcription unit regulates ato expression
specifically in the antennal ch organ precursors (see Fig. 1).
Similarly, the eye enhancer lies within the BglII–PstI–EcoRI
fragment located 2.8 kb downstream of the ato transcriptionunit. Finally the 1.5 kb EcoRI–BamHI fragment located 4.8 kb
downstream of the ato transcription unit regulates ato expression
during embryonic development (Supplemental Fig. 3).
Taken together, our results demonstrate that the modular
organization of the ato 3′ cis-regulatory region determines the
spatial control of ato expression in the ch organs and
photoreceptors in different imaginal discs. These results are
consistent with a recent report by Zhang et al. (2006), but are
contradictory to the model proposed by Niwa et al. (2004).
Multiple regulatory elements within the ato 3′ eye enhancer
regulate its precise expression in the proneural region
A surgical experiment of eye disc fragments revealed that
cells immediately anterior to the MF have already acquired the
potential to differentiate into retina (Lebovitz and Ready, 1986).
Cells ahead of the MF express RD genes and anti-proneural
genes to precisely control retinal cell fate determination and
proneural cell differentiation. This region is referred to as the
PPN domain, based on competence for retinal differentiation
(Bessa et al., 2002; Greenwood and Struhl, 1999). Our
observation that the 2.8PB but not the 6.4BB enhancer was
activated precociously in the PPN region suggests the presence
of repressor elements residing within the 3.6BP fragment that
contribute to the timing of atonal activation during MF
progression. Interestingly, gain of function experiments in the
wing disc did not reflect significant differences between 2.8PB
and 6.4BB. Both enhancers conferred reporter expression only
in groups of cells near the A/P compartment boundary in
response to So and Eya and co-expression of dpp with so and
eya led to an expansion of GFP expression mostly in the
posterior domain. It is possible that some positive and negative
factors required for the proper regulation of the ato 3′ enhancer
in eye discs were not present in the wing disc. Previous studies
have identified a number of genes sufficient to induce retinal
tissue development or precocious photoreceptor differentiation,
and these genes are potential candidates that contribute to the
precise expression of ato. For example, ectopic expression of
eyegone (eyg) or Optix (Optx) was shown to induce retinal
tissue development (Seimiya and Gehring, 2000; Yao and Sun,
2005) while induction of mutant clones for either extradenticle
(exd) or homothorax (hth) led to ectopic eye formation in the
ventral head region (Gonzalez Crespo and Morata, 1995; Pai et
al., 1998). Additionally, ectopic activation of the Hh signaling
pathway or removal of hairy (h)/extramacrochaetae (emc) was
sufficient to induce precocious furrow advancement and
photoreceptor differentiation (Brown et al., 1995; Heberlein et
al., 1993; Pan and Rubin, 1995; Strutt et al., 1995). Further-
more, removal of the Notch effector Su(H) caused slight
advancement of neural differentiation (Li and Baker, 2001). Our
search of conserved non-coding DNA sequences did not find
predicted Ci binding sites in the ato 3′ cis-regulatory region.
On the other hand, a highly conserved transcription factor
binding site for Su(H) was observed in the ato 3′ cis-regulatory
region. Further analysis of ato 3′ eye enhancer should help to
define the mechanisms that contribute to the precise control of
its expression.
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Fly genetics and strains
The following fly strains were used: eya2 (Bonini et al., 1993; Leiserson et
al., 1994), eyaclift1 (Pignoni et al., 1997), so3 and so1 (Cheyette et al., 1994),
Mad1–2(Wiersdorff et al., 1996), smo3 Mad1–2FRT40A (Curtiss and Mlodzik,
2000). UAS-eya third chromosome (Bonini et al., 1997), UAS-so second
chromosome (Pignoni et al., 1997), UAS-dac7c4 (Chen et al., 1997; Shen and
Mardon, 1997), UAS-dpp (Staehling-Hampton and Hoffmann, 1994), 30A-
GAL4 (Brand and Perrimon, 1993), UAS-dpp, UAS-eya, UAS-so (third
chromosome) (Pappu et al., 2005). The UAS-eya, UAS-dac7c4 (both UAS-
genes on third chromosome) lines were generated by recombination and geno-
types were confirmed by genomic PCR with primers: UAS: 5′-AGTACTGT-
CCTCCGAGCGGAGAC-3′, Eya: 5′-CGGACTGCTGTACAGCTGCGAG-3′,
Dac: 5′-CAGAGCAACTTGCAGCGATTGACGC-3′. Viable recombinant
chromosomes (three independent lines) were used for this analysis. All
recombinants gave consistent target gene expression with the 30A-GAL4 driver.
To minimize experimental variations, we carried out ectopic expression
experiments of all the genotype combinations simultaneously and repeated
these experiments at least three times.
Mutant clones were generated using eyFLP/FRT-mediated recombination
(Newsome et al., 2000; Xu and Rubin, 1993). Generally, yw, eyFLP; pπMyc
FRT40A or yw, eyFLP; pπMyc FRT42D females were crossed to w1118; eyaclift1
FRT40A/ CyO act-GFP; ato 3′enhancer-GFP(3rd), w1118; so3 FRT42D/CyO
act-GFP; ato 3′ enhancer-GFP(3rd) or to w1118; smo3 Mad1–2FRT40A/ CyO
act-GFP; ato 3′ enhancer-GFP(3rd) males. To induce the pπMyc epitope,
wandering third-instar larvae were transferred to a 1.5-ml tube and applied a
15-min heat-shock at 37 °C, followed by a 45-min incubation at RT. For
ectopic expression, the following strains were generated and used: w1118;
30A-GAL4/CyO act-GFP; ato 3′enhancer-GFP(3rd), w1118; UAS-so/CyO
act-GFP; UAS-eya/TM6b, Tb, w1118; UAS-so/CyO act-GFP; UAS-eya
UAS-dac7c4 /TM6b, Tb.
Non-coding sequence analysis and molecular cloning
Genomic sequences of Drosophila species were obtained from FlyBase
BLAST (http://flybase.bio.indiana.edu/blast/) (Grumbling and Strelets, 2006),
and the non-coding DNA conservation analysis data was obtained using the
VISTA Browser (http://pipeline.lbl.gov/cgi-bin/gateway2). The genomic frag-
ment 3.6 kb (3.6BP) and 2.8 kb (2.8PB) atonal 3′ cis-regulatory region was
isolated from w1118 genomic DNA by PCR. Using endogenous restriction
enzyme sites (BamHI and PstI for 3.6BP and PstI and BamHI for 2.8PB), each
fragment was subcloned into the pBluescript vector to generate the 6.4 kb
(6.4BB) full-length fragment. Endogenous restriction enzyme sites were used for
subsequent deletion fragment construction (Fig. 1A). Site-directed mutagenesis
was applied to the 2.8PB fragment by PCR. Both So binding sites (So1 or So2)
contain lesser conserved homeodomain recognition sequences (5′-TAAT)
(Gehring et al., 1994) and a highly conserved So core motif (5′-YGATAY)
(Hazbun et al., 1997), then we mutated each binding site. The following primers
were used for mutagenesis: So1MUT; 5′-GGGTCATTTtcgcaAGTTTTC-
CAGCT-3′, So2MUT; 5′-GTAATTTTGTATTaggccTGGGTCATTTG-3′,
MEF3MUT; 5′-TTATTAAgcagtATTTCGTGTG-3′. DNA fragments were
cloned into pH-Stinger (Barolo et al., 2000). Subcloned PCR products were
sequenced to confirm the mutation. Plasmids were purified with CsCl gradient
ultracentrifugation. For injection, 300 ng/μl of construct and 150 ng/μl of helper
Δ2–3 were mixed and used. P-element-mediated transformation was applied to
w1118 embryos following standard procedure (Rubin and Spradling, 1982). Two
to five independent transgenic fly lines were established for each DNA
constructs. Viable insertion lines were used for further analysis.
Histochemistry
Imaginal discs were directly dissected and fixed in iced-PLP containing (in
4 ml) 1 ml 16 % Formaldehyde (Cat# 18814; Polysciences, Inc.), 3 ml 0.1 M
lysine pH 7.4, 10 mg sodiummeta-periodate for 20 min, and rinsed once with 1×
PBS, washed for 5 min. with a balanced salt solution (BSS) containing (in 1 L)2.21 g NaCl, 3.98 g KCl, 3.07 g MgSO4·7H2O, 0.74 g CaCl2·H2O, 1.79 g
tricine, 3.60 g glucose, 17.12 g sucrose and 2.0 g BSA, pH 6.95. Blocking was
done with 3% normal goat serum, 0.2% saponin in BSS for 30 min. at RT.
Primary antibody incubations were performed at 4 °C for overnight and dye-
conjugated secondary antibody incubation was performed at 4 °C for 2–3 h.
Primary antibodies used for this study: mouse anti-Eya (dilution 1:10, 10H6;
Developmental Studies Hybridoma Bank (DSHB)), mouse anti-dac (1:10,
Mabdac2–3; DSHB), mouse anti-engrailed/invected (1:10, 4D9, DSHB), rabbit
anti-atonal (1:2000; gift from Dr. Y. Jan), mouse anti-Myc (1:40, 9E10; DSHB),
rabbit anti-Myc (1:150, A14; Santa Cruz Biotechnology), mouse anti-GFP (for
eye discs, 1:500; BD Biosciences Clontech) and rabbit anti-GFP (for wing and
leg discs, 1:1000; Torrey Pines Biolabs, Inc.). Dye-conjugated secondary
antibodies were from Jackson Immunoresearch, and were used at 1:500: goat
anti-rabbit FITC, donkey anti-mouse Cy3, donkey anti-rabbit Cy5, goat anti-
mouse–rhodamine (TRITC), goat anti-mouse Texas Red, goat anti-mouse Cy2,
goat anti-mouse IgG, F(ab′)2 fragment-specific Cy3. DAPI (1:1,000∼1:10,000,
0.1 μg/ml stock; Sigma) was used for counterstaining. Images were taken from
Zeiss Axioskop or AxioImager with ApoTome using a CCD camera. Tissue in
situ hybridization of reporter GFP was done using digoxigenin-labeled RNA
probes (Roche DIG RNA labeling kit) essentially following as described in
(Tautz and Pfeifle, 1989).
Electrophoretic mobility shift assay (EMSA)
The so cDNAwas obtained from the DGRC (clone: GH15741). A fragment
containing coding sequence for So homeodomain (113a.a. to 381a.a. of So
protein), was subcloned into pET28 vector. His-So protein expressed in E. coli
BL21 (DE3) strain and purified. For radiolabeled probes (sequences are below),
37mer of forward and reverse oligonucleotides were annealed and end labeled
(gamma-32P-ATP, T4 Polynucleotide Kinase, New England Biolabs). Binding
reactions were carried in 20 μl of EMSA buffer containing 20 mM HEPES
pH 7.6, 1 mMMgCl2, 0.1 mM EGTA, 0.02% Na–azide, 10% glycerol, 0.01 mg
BSA, 1 mM DTT, 0.5% NP40, 0.5 μg poly(dI:dC) (Amersham Biosciences).
For competition assay, 100× molar excess specific unlabelled competitors were
incubated first with SoHD protein for 20 min on ice, and incubated additional
30 min on ice with the radiolabeled probe. The reactions were analyzed by 4%
native polyacrylamide gel electrophoresis. A STORM860 Phosphorimager used
for imaging (Molecular Dynamics). The 37mer oligonucleotide sequences are:
Wild: 5′-ATTTTGTATTGACATTGGGTCATTTGATACAGTTTTC-3′, So1+
So2 MUT: 5′-ATTTTGTATTtcagcTGGGTCATTTtcgcaAGTTTTC-3′,
So1MUT: 5′-ATTTTGTATTGACATTGGGTCATTTtcgcaAGTTTTC-3′,
So2MUT: 5′-ATTTTGTATTtcagcTGGGTCATTTGATACAGTTTTC-3′.Acknowledgments
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